An important challenge for the continued development of cell therapy for Parkinson's disease (PD) is the establishment of procedures that better standardize cell preparations for use in transplantation. Although cell sorting has been an anticipated strategy, its application has been limited by lack of knowledge regarding transmembrane proteins that can be used to target and isolate progenitors for midbrain dopamine (mDA) neurons. We used a "FACS-array" approach to identify 18 genes for transmembrane proteins with high expression in mDA progenitors and describe the utility of four of these targets (Alcam, Chl1, Gfra1, and Igsf8) for isolating mDA progenitors from rat primary ventral mesencephalon through flow cytometry. Alcam and Chl1 facilitated a significant enrichment of mDA neurons following transplantation, while targeting of Gfra1 allowed for robust separation of dopamine and serotonin neurons. Importantly, we also show that mDA progenitors isolated on the basis of transmembrane proteins are capable of extensive, functional innervation of the host striatum and correction of motor impairment in a unilateral model of PD. These results are highly relevant for current efforts to establish safe and effective stem cell-based procedures for PD, where clinical translation will almost certainly require safety and standardization measures in order to deliver well-characterized cell preparations.
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Parkinson's disease | cell sorting | Alcam | microarray | transplantation A lthough cell replacement therapy for Parkinson's disease (PD) has been successful for some patients, the high variability in clinical outcome has limited its continued development as a conventional treatment option (1) . The main drawback has been the reliance on human fetal tissue as a source of donor cells for the implantation of new midbrain dopamine (mDA) neurons. Not only does this represent an unsustainable resource, with multiple fetal donors required per patient, it is impossible to standardize with respect to the number and type of cells in the resulting graft. Key challenges for further progression of cell therapy for PD are the establishment of sustainable cell sources (e.g., stem cells) and also, the development of procedures that allow for greater standardization of the donor cell preparation.
Identification and preselection of mDA progenitors from mixed cell populations are part of a promising avenue for standardizing the donor cell preparation in order to achieve greater consistency in graft composition and clinical outcome. Recent studies have used genetic labeling approaches to demonstrate that such an approach is feasible using fetal ventral mesencephalon (VM) tissue from transgenic mice (2, 3) as well as differentiated embryonic stem cell reporter lines (4) (5) (6) . Fluorescent protein expression driven by regulatory elements for genes involved in the embryonic development of mDA neurons, including neurogenin2 (Ngn2), Nr4a2 (Nurr1), and Pitx3, allows for isolation of cells within these gene linages through fluorescent activated cell sorting (FACS) and a significant enrichment of mDA neurons in the resulting grafts.
While these proof-of-principal studies support the feasibility and potential of a cell-sorting approach, the genetic labeling complicates clinical translation. An alternative strategy with a record of clinical success in the hematopoietic field is the targeting of cell-specific surface antigens as a means to separate defined cell fractions from mixed populations. Central to the development of the technique was the identification of transmembrane proteins that selectively define a target cell population. For example, isolation of CD34 + and Thy1 + cells facilitates purification of hematopoietic stem cells that can reconstitute the hematopoietic system as part of treatment for cancer patients (7) (8) (9) (10) . A current obstacle for the development of similar techniques for the purification of specific neural progenitor phenotypes, including mDA progenitors, is a lack of knowledge regarding the identity of suitable transmembrane targets.
To address this issue, we profiled gene expression in genetically labeled cell fractions enriched for transplantable mDA progenitors through microarray analysis of RNA extracted from the GFP-positive (GFP pos ) cell fraction from the VM of Ngn2-GFP mice at embryonic day 12.5 (E12.5). Previous FACS transplantation studies have shown that the GFP Pos fraction in the VM of Ngn2-GFP mice represents <30% of all cells but contains virtually all transplantable mDA neurons at E12.5 (2, 3) . Here, we report the gene expression profile for this cell population, which includes genes for a number of transmembrane proteins that show discrete expression patterns in the developing VM. Importantly, transplantation experiments showed that FACS isolation of VM cells based on these transmembrane proteins produced functional grafts that provided extensive innervation of the host striatum Significance An important challenge for improving cell-based approaches for Parkinson's disease is the development of techniques that facilitate greater standardization of the donor material. This report describes the enrichment of transplantable progenitors for dopamine neurons from the ventral mesencephalon based on targeting of transmembrane proteins. It is an important step toward the development of clinically relevant techniques that allow for greater standardization of cell preparations used in transplantation and potentially, more predictable clinical outcomes. The findings are highly relevant for current efforts to develop stem cell-based therapies for Parkinson's disease, where current techniques yield mixed cell populations that may contain unwanted cell types and thus, would benefit from a cell selection step prior to grafting. and were significantly enriched for mDA neurons compared with conventional grafts of unsorted VM tissue.
Results
Genetic Profiling of Transplantable mDA Progenitors. Expression of GFP in the VM of embryonic Ngn2-GFP mice identifies a distinct subpopulation of cells within the Ngn2 lineage (Fig. 1A) . In dissected pieces of VM used for transplantation procedures, selective isolation of this GFP Pos fraction yields ∼30% of all viable cells (Fig. 1A) but contains virtually all of the mDA progenitors, thus allowing for a significant enrichment of this population (2, 3) . Here, we sought to exploit this to identify genes with some degree of selective expression in mDA progenitors through microarray analysis of mRNA prepared from FACS-isolated GFP Pos cells from Ngn2-GFP E12.5 VM. Notably, the Ngn2-GFP Pos population extends lateral to the mDA germinal zone and identifies progenitors for other non-mDA neuronal subtypes (Fig. 1A) . To reduce the likelihood of identifying gene transcripts specific to this lateral, non-mDA Ngn2-GFP Pos population, we performed a subtractive analysis using GFP-negative (GFP Neg ) cells from Lmx1a-GFP VM (i.e., a definitively non-mDA VM fraction) as a reference cell population (Fig. 1B) .
Comparison of mRNA levels across triplicate samples for each group revealed 144 genes significantly enriched in the GFP Pos fraction from Ngn2-GFP VM based on highly conservative inclusion criteria consisting of fold increase in expression of >2, P < 0.05 and seven of a possible nine scored as increased expression from direct pairwise comparisons of all samples (Table  S1) . Genes with the greatest fold-change up-regulation in the Ngn2-GFP Pos group included many established mDA-specific genes [e.g., Th, Nurr1, Lmx1a, Lmx1b, Dlk1, Gch1, Foxa1, and Slc18a2 (Vmat2)] (Fig. 1C) . Genes with significantly decreased expression in the Ngn2-GFP Pos fraction (i.e., highly expressed in the Lmx1a-GFP Neg group) included those associated with other neurotransmitter phenotypes, including cholinergic (Isl1), serotonergic (Slc6a4 and Tph2), or glutamatergic (Gad1 and Slc1a3) neurons, as well as transcriptional determinants of regional identity outside the mDA germinal zone (Nkx2-2, Six3, and Sox1) ( Fig. 1C and Table S1 ).
Classification of Ngn2-GFP Pos up-regulated genes by ontology was consistent with developing neural tissue and showed that the majority could be grouped as genes associated with neuronal growth, migration, and differentiation. Classification based on cellular localization showed that 59 genes (41%) encoded for proteins that were membrane-associated, 30 (21%) were definitively plasma membrane (as opposed to internal vesicles), and 18 (12.5%) were verified or predicted to feature an extracellular sequence ( Fig. 1 D and E and Table S2 ). These 18 extracellular targets consisted largely of receptors and cell adhesion molecules and included a number of genes encoding for proteins previously identified in association with mDA phenotype, such as Corin, Ret, Gfra1, and Dlk1, but importantly, also, a number of proteins not previously described in the context of mDA neuronal development (Table 1) . We screened commercially available antibodies against six of these transmembrane targets (Table 1 , asterisk) to assess expression in the developing VM relative to the location of the transplantable mDA progenitor population.
Expression of Transmembrane Proteins in the Developing Ventral
Midbrain. Antibodies targeting extracellular motifs were identified for 4 of 18 candidates-Alcam, Chl1, Gfra1, and Igsf8. An additional two antibodies were found to target internal sequences on ion channel subunits (Kcnd3 and Scn3b) and therefore, were informative for expression studies but not cell-sorting procedures. Immunohistochemical analysis of E12.5 mouse VM showed that all six proteins were expressed in the mDA germinal zone with cellular localizations consistent with transmembrane proteins (Fig. 2 and Figs. S1 and S2).
ALCAM was expressed widely throughout the Nurr1 + mDA domain, including ventricular zone progenitors, intermediate zone Nurr1
+ neuroblasts, and immature tyrosine hydroxylase + (TH + ) mDA neurons in the mantle zone ( Fig. 2 A-E and Fig. S1 ). Expression was absent from the lateral, non-mDA Ngn2-GFP Pos population; however, ALCAM + cells could be seen immediately ventral to this lateral Ngn2-GFP Pos cell group. Chl1 was also expressed throughout different stages of mDA maturation, but it was more restricted to the midline within the mDA domain (Fig. 2 F-J) . Expression was weaker in the ventricular zone and more prominent in the intermediate zone neuroblasts and early TH + neurons. Intensely stained Chl1 fibers were found throughout the mantle zone both within and lateral to the mDA domain.
Gfra1 expression was relatively widespread throughout the ventral midbrain, including the medial Nurr1 + mDA domain ( Fig. 2 K-O) and also, extending lateral to this area. Cellular distribution showed radial processes that were densely labeled with a punctate pattern of Gfra1 protein, whereas there was relatively little Gfra1 immunoreactivity on the cell soma ( Fig. 2  L-O) . This expression pattern made it difficult to unambiguously characterize expression in distinct states of mDA progenitor + mDA progenitors ( Fig. 2 P-T) but also, the lateral area outside of the Nurr1 + domain. Igsf8 was absent from the earliest ventricular zone progenitors but clearly expressed by Nurr1
+ neuroblasts in the intermediate zone, and it persisted in the TH + mantle zone neurons ( Fig. 2 P-T) .
The ion channel subunits Kcnd3 and Scn3b were both expressed at the protein level in the developing VM, with prominent expression in intermediate zone Ngn2-GFP Pos progenitors persisting in TH + neurons ( Fig. S2 A-F). Both subunits were also expressed in cells lateral to the mDA germinal zone. Interestingly, analysis of expression in the adult midbrain showed that both proteins were more strongly expressed in A9 mDA neurons, with less frequent overlap and lower labeling levels within the A10 population ( Immunohistochemical labeling of Alcam, Chl1, Igsf8, and Gfra1 in sagittal sections showed that expression of all four proteins extended on the anterior-posterior axis beyond the midbrain (Fig. S3 ). Labeling for serotonin (5HT) showed transmembrane protein expression throughout the medial hindbrain, including the developing raphe nucleus, but not overlapping with early 5HT + neurons. The pattern of expression for all six proteins was found to be virtually identical in rat VM of corresponding developmental age (E14.5) using the same antibodies.
Isolation of Ventral Midbrain Progenitors Based on Transmembrane
Proteins. Commercial antibodies for Alcam, Chl1, Gfra1, and Igsf8 identify extracellular motifs on each of these proteins and thus, allowed for FACS-based isolation of the corresponding cell populations through attachment of an antibody-fluorophore complex. Using single-cell preparations of dissected pieces of E14.5 rat VM, cells were sorted into positive and negative fractions based on the expression of each transmembrane protein. Complete biological replicates using separate VM preparations were used to assess the proportion of cells expressing each transmembrane protein and showed 20.2% ± 2.0% Alcam (n = 4), 9.5% ± 1.5% Chl1 (n = 3), 24.1% ± 1.9% Gfra1 (n = 3), and 8.9% ± 1.7% Igsf8 (n = 3) as the average fraction of the viable (propidium iodide excluding) cell pool (Fig. 3A) .
To determine the distribution of transplantable mDA progenitors relative to cells expressing specific transmembrane proteins, separate preparations from the positive and negative fractions for each protein were transplanted into the striatum of 6-hydroxydopamine (6-OHDA) -lesioned rats ( Fig. 3 B-F ). Histological analysis 4 wk later showed varying degrees of enrichment for dopamine (DA) neurons in the resulting grafts derived from the positive fractions of FACS-isolated cells (Fig.  4) . Sorting against Alcam provided the greatest separation of grafted DA neurons between positive and negative fractions ( Fig. 4 A and B) , with ∼30-fold more mDA neurons in grafts from the positive fraction, and also, the greatest yield as a percentage of total cells grafted (1.5% ± 0.49%) (Fig. 4Q ). Gfra1 sorting also provided a significant separation of DA neurons ( Fig. 4 I and J), with sevenfold greater numbers in the positive grafts, although a lower total yield of 0.58% ± 0.08% of grafted cells (Fig. 4Q ). Both Chl1 and Igsf8 sorting resulted in less distinct separation of DA neurons (Fig. 4 E, F, M, and N): threeand fivefold greater numbers in the positive fractions, respectively, and yields of 1.1% ± 0.44% and 0.73% ± 0.27%, respectively, of grafted cells (Fig. 4Q ). We considered that DA neurons distributed across both positive and negative fractions may represent different mDA neuronal subtypes; however, quantification of mDA neurons expressing subtype-specific proteins Girk2 and Calbindin showed a mixed distribution in grafts from all groups (Fig. S4 B-F) .
Immunohistochemistry for 5HT showed that serotonin neurons were not distinctly segregated between grafts from positive or negative fractions after sorting based on Alcam, Chl1, or Igsf8 (Fig. 4 C, D, G, H, K, L, O, and P). Grafts generated from Gfra1-sorted fractions, however, showed a distinct separation of serotonin neurons, with a ninefold enrichment in the negative cell The inclusion criteria for up-regulated Ngn2-GFP Pos genes included a present call in two of three arrays for at least one of two groups, average pairwise comparisons fold change greater than two, seven of nine direct pairwise comparisons in the same direction, and a P value < 0.05. Additional refinement included elimination of candidates known to be expressed in domains unlikely to support cell-sorting applications (e.g., Gria3 and Chrna3). Fold change, GCOS (Gene Chip Operating Software) fold change; Name, UniGene Name; Symbol, UniGene Symbol; UGRepACC, UniGene representative accession number. *Indicate transmembrane targets investigated in this study.
fraction (Fig. 4R ). Fig. S4G ; P < 0.05) (Fig. 5 B and C) . In fact, preselection of Alcam Pos cells from VM preparations resulted in a significant fourfold enrichment of grafted mDA neurons, with a yield of 1.7% ± 0.25% of all cells transplanted compared with 0.42% ± 0.11% from unsorted cells from the same FACS-processed VM preparation (Fig. 5D) . Although the average size of the grafts themselves was not significantly different, the volume of host striatal territory innervated by TH + fibers was significantly greater in grafts arising from Alcam Pos cells (2.6 ± 0.48 mm 3 ) compared with unsorted cells (0.9 ± 0.1 mm 3 ) (Fig. 5 E and F) . The density of innervation was also significantly greater in Alcam
Pos grafts compared with unsorted grafts (Fig. 5 G-I) . Here, we report a list of promising transmembrane targets generated from transcriptome analysis of VM cells isolated from the Ngn2-GFP reporter mouse. Previous transplantation studies have shown that the GFP Pos fraction in these mice represents ∼30% of cells in typical VM dissections and yet contains virtually all transplantable mDA progenitors (2, 3), thus allowing for a significant enrichment of the progenitor pool. Transcriptional profiling of this cell fraction identified a range of genes encoding for transcription factors and other transcriptional regulators, components of signaling pathways, and secreted molecules. Several of these genes have been identified and verified in previous gene expression studies (Dmrta1 and Dlk1) (14, 15) or have well-established roles in mDA neurogenesis and differentiation (TH, Lmx1a, Nurr1, En1, and Foxa2) (reviewed in refs. 16 and 17) . Many of the genes, however, have not been previously identified in the context of mDA development and may play roles in key processes underlying mDA development and differentiation. Importantly for the purposes of this study, 12.5% of the genes encoded for transmembrane proteins that are either known or predicted to contain extracellular regions.
We investigated the VM expression of six of these proteins using commercially available antibodies. Two antibodies detected intracellular sequences on protein subunits for ion channels, including the potassium channel Kcnd3 and the calcium channel Scn3b, and thus, were informative for histological analysis but not cell-sorting procedures. Kcnd3 has previously been shown to regulate the intrinsic pacemaker activity of A9 mDA neurons (18) , whereas to our knowledge, Scn3b has not previously been described in the context of mDA biology. Immunohistochemical analysis showed that, like Kcnd3, Scn3b is most prominently expressed in the A9 subset of mDA neurons in the adult midbrain. Its functional role is an area that may be worth additional exploration given the selective vulnerability of A9 neurons in PD (19, 20) .
The main focus of the study was on the four transmembrane proteins that could be targeted with antibodies recognizing extracellular epitopes. A first round of FACS transplantation experiments using E14.5 rat VM showed a variable degree of enrichment of mDA neurons in grafts generated from positive fractions based on selection of Alcam-, Chl1-, Gfra1-, and Igsf8-expressing cells compared to the corresponding negative fractions or unsorted control grafts. The number of TH + mDA neurons in unsorted grafts from E14.5 rat VM was around 0.5% as a fraction of the total number of cells grafted, which is similar to the ∼0.4% yield that we have reported previously from FACS experiments using mouse VM at a similar developmental stage (2). These figures are substantially lower than yields for primary rodent VM grafts in our hands (3-4%) (21) and highlight that the tissue handling associated with the FACS procedures has a detrimental impact on mDA neuron survival. Preselecting for Alcam Pos or Chl1 Pos cells significantly enriched the yield of grafted mDA neurons by 30-(1.5% of total grafted) and 3-fold (1.1% of total grafted), respectively, compared with unsorted grafts. This result compares favorably with previous studies showing enrichment based on FACS selection of GFP Pos cells from E12.5 VM from the Ngn2-GFP mouse (approximately twofold) (2, 3). Selection based on Gfra1 or Igsf8 showed that, although the transplantable progenitor pool was largely derived from the positive fractions, the overall yield was similar to unsorted control grafts, suggesting more limited selectivity and/or survival when using these antibodies. Nonetheless, a notable feature of Gfra1 selection was the significant segregation of serotonin neurons to the negative fraction. It is an interesting finding given recent reports that inclusion of high numbers of serotonin neurons in primary VM grafts may contribute to graft-induced dyskinesia (22; reviewed in ref. 23 ) and highlights the potential of cell-sorting strategies for eliminating unwanted cell types before grafting.
A number of variables will likely contribute to the overall capacity of different transmembrane targets to select for mDA progenitors from VM preparations, including expression pattern within the progenitor domain as well as the binding properties of the antibody and any associated functional consequences for the cells. During mDA neurogenesis, the mDA germinal zone will contain a mixture of mDA progenitors in different states of maturity. We have previously reported that the transplantable mDA progenitor pool largely resides within the early, dividing mDA progenitors in the ventricular zone as well as newly postmitotic neuroblasts in the intermediate zone (2, 24 ; reviewed in ref. 25 ). The more mature TH + mDA neurons in the mantle zone have a poor capacity to survive the FACS transplantation procedure. These previous observations may partly explain the improved yield of grafted mDA neurons selected on the basis of the cell adhesion molecules Alcam and Chl1, which were both expressed in the ventricular and intermediate zone progenitors, relative to Gfra1, which was expressed in some Nurr1 + intermediate zone progenitors but more prominently in the young TH + neurons. It should also be considered that functional antagonism of signaling mediated by the targeted protein after antibody binding may also impact on cell survival. This possibility may be particularly relevant for trophic factor receptors, such as Gfra1. Furthermore, the binding properties of the antibody will also determine efficiency in cell-sorting procedures. The short incubation times required when working with live cells means that antibodies with low affinity or high nonspecific binding properties will have limited efficacy for cell-sorting applications. This explanation may underlie the relatively poor yield resulting from selection using the Igsf8 antibody. The high nonspecific binding profile necessitated a conservative separation of FACS gatings in order to reasonably define the positive and negative fractions, and thus, the positive fraction likely underestimates the actual Igsf8-expresssing population. Nonetheless, the expression pattern of Igsf8 in the developing VM, including prominent expression on Nurr1 + intermediate zone progenitors, suggests that it is a promising target for isolation of transplantable mDA progenitors. Development of Igsf8 antibodies with greater specificity may improve efficacy in FACS transplantation procedures and thus, the value of Igsf8 as an mDA selection target.
An important consideration for FACS-based approaches to enrich mDA progenitors is that they do not impinge on the integration and function of the resulting grafts. We performed a second round of VM transplantation experiments to assess the integration and function of grafts generated from positive and negative cell fractions defined on the basis of Alcam expression compared with unsorted VM control grafts. The results showed that grafts generated from Alcam Pos cells were just as effective as the unsorted VM grafts at reversing rotational bias in rats with unilateral lesions of the mDA system. This finding is in line with observations from our earlier studies showing that significant change to the composition of VM grafts [for example, the complete exclusion of glial cells when sorting on the basis of Ngn2-GFP (2)] does not impact the survival or function of grafted DA neurons. Sorting on the basis of Alcam significantly increased not only the fraction of mDA neurons per unit of grafted tissue but also, the volume of host striatal territory innervated by the grafted mDA neurons. Both animal studies (26) (27) (28) (29) (30) and clinical observations (31-33) strongly suggest that the degree of recovery of motor function after grafting is closely related to the level of dopaminergic reinnervation of the striatum.
These results compare favorably with previous attempts to sort and graft VM progenitors by targeting of the transmembrane protein Corin (2), a marker for floor plate cells in the developing VM (34) . These earlier experiments provided the important proof of principle that mDA progenitors could be identified and number of cells grafted (positive fraction is in dark gray and negative fraction is in light gray). Paired t tests show significant differences in the average number of (Q) TH + (Alcam, *P = 0.02; Gfra1, *P = 0.04) and (R) 5HT + (Gfra1, *P < 0.0001) neurons in grafts generated from positive and negative fractions.
Group numbers for Q and R: Alcam Pos and Alcam Neg (n = 4); Chl1 Pos (n = 3), Chl1 Neg (n = 4); Gfra1 Pos (n = 6), Gfra1 Neg (n = 5); and Igsf8 Pos and Igsf8 Neg (n = 3). (Scale bar: A-P, 150 μm.) Neg cells (n = 5). In both ungrafted and Alcam Neg animals, the rotational response was, in fact, increased 6 wk after transplantation (dark gray bars). *P < 0.05, **P < 0.01, and ***P < 0.005 for paired t tests for pregraft and 6 wk postgraft time points. Immunohistochemistry for TH 6 wk after grafting shows (B) the relatively sparse distribution of DA neurons within unsorted grafts compared with (C) the densely packed arrangement in grafts of Alcam selected through targeting of transmembrane proteins, however, the overall efficiency of selection was low and insufficient for generating functional grafts, even when pooling a very large (>100) number of VM pieces. This previous observation likely reflects the limited expression of Corin in the developing VM, where it is only transiently expressed in the early ventricular zone progenitors and restricted to a narrow pattern of expression in the most medial part of the mDA germinal zone (Fig. S1) . Nonetheless, recent studies using mouse (35) or human (36) pluripotent stem cells show that, when the initial cell pool is sufficiently large (i.e., as afforded by highly expandable stem cell populations), Corin can be used to isolate enough DA progenitors to generate functional grafts in rodent models of PD. This finding is an important advance for clinical application of pluripotent stem cells in neural grafting procedures, where some form of cell selection will almost certainly be required to eliminate potentially dangerous cell types, for example those capable of uncontrolled growth after transplantation. It extends on previous work in this area using fluorescent transgenes (4-6) or targeting of neurodevelopmental stage-specific transmembrane proteins (37, 38) to eliminate tumorigenic cells before transplantation.
These results suggest that Alcam, Chl1, Gfra1, and Igsf8 are promising new targets for selection of mDA progenitors from preparations of partially differentiated stem cells. All four proteins show robust expression on the transplantable mDA pool in the developing VM and substantially improved efficiency for selection of mDA progenitors relative to our previous work using Corin. In fact, the results from Alcam and Chl1 sorting are the first, to our knowledge, to demonstrate that utilization of specific transmembrane proteins can significantly enrich the fraction of mDA neurons in VM grafts relative to conventional unsorted grafts. Notably, sorting for Gfra1 also provided a unique means to separate progenitors for mDA neurons from those for serotonin neurons and highlights the value of the approach as a means to eliminate unwanted cell types and standardize cell preparations. Further development of an optimal cell selection strategy for isolating mDA progenitors may well come from development of specific antibodies targeting other transmembrane targets identified in the transcriptome analysis. New antibodies may also facilitate combinatorial cell-sorting protocols, where multiple transmembrane proteins are targeted to further refine the selection process (for example, where the transplantable mDA progenitor pool may be more precisely defined by multiple targets).
In summary, we report here a series of transmembrane proteins expressed by progenitors for mDA neurons in the developing VM and demonstrate the utility of targeting these proteins for selecting mDA progenitors from mixed cell populations before grafting. It forms an important step in the context of current efforts to develop strategies to better define and standardize cell preparations for use in transplantation procedures for PD. Although the limited availability and survival of human VM tissue in current grafting procedures limit the feasibility of flow cytometry, continued development of methods to expand primary VM preparations and improve the yield of grafted DA neurons (39, 40) may allow for the introduction of cell sorting in the longer term. The more likely benefit will be as a means to introduce safety and standardization measures to facilitate clinical translation of stem cell-based cell replacement approaches for PD. 
FACS of Embryonic Midbrain Progenitors.
GFP-labeled cell preparations for RNA collection and microarray. Isolation of the GFP Pos or GFP Neg cell fractions from the VM of transgenic reporter mice was performed as previously described (2, 3) . Briefly, time-mated litters were generated by breeding female WT NMRI mice with male Ngn2-GFP (gift from Francois Guillemot, London, United Kingdom) or Lmx1a-GFP (gift from Johan Ericsson and Thomas Perlmann, Stockholm, Sweden) (41) heterozygous knockin mice. The VM was dissected from GFP + embryos in cold L15 medium (Gibco) at E12.5 as previously described (42) . Individual pieces were pooled from six to eight litters (∼35-50 GFP + VM pieces) from each of the Ngn2 and Lmx1a reporter lines and prepared as separate single-cell suspensions (3 × 10 6 cells/mL) through incubation in HBSS Ca2+Mg2+ with 0.1% trypsin (Invitrogen) and 0.05% DNase (Invitrogen) for 20 min at 37°C followed by washing and mechanical dissociation in HBSS Ca2+Mg2+ with 0.05%
DNase. The cell preparation was filtered using a 70-μm cell strainer and resuspended at 3 × 10 6 cells/mL in HBSS Ca2+Mg2+ containing 1% BSA, 0.05% DNase, and 1 mM EDTA. The GFP Pos and GFP Neg cell fractions were separated using a FACS Diva Flow Cytometer (Becton Dickinson) after initial filtering for cell debris and doublets as well as the dead cell (7-aminoactionomycin-Dlabeled) fraction. The detection threshold for GFP was established using cell preparations of WT VM tissue. Purity in the GFP Pos and GFP Neg populations was found to be >98% based on reanalysis of the separated fractions. The cells were collected in HBSS Ca2+Mg2+ containing 1% FBS, pelleted by centrifugation, immediately resuspended in RLT Lysis Buffer (Qiagen), and stored at −80°C. These procedures were repeated in triplicate for each of the Ngn2-GFP and Lmx1a-GFP preparations to obtain three biological replicate RNA samples for microarray analysis. Antibody-labeled cell preparations for transplantation. These procedures were based on those described above and in detail elsewhere (2) . Dissected VM pieces were pooled from E14.5 Sprague-Dawley rats and prepared as singlecell suspensions by incubation in HBSS Ca2+Mg2+ with 0.05% DNase with either collagenase-dispase (1 mg/mL; Sigma) for Alcam and Chl1 or Accutase (StemPro) for Gfra1 and Igsf8 (30 min at 37°C) followed by mechanical dissociation (note that we found optimal dissociation using different proteases for the different transmembrane targets based on initial FACS screening). The dissociated cells were collected by centrifugation (500 × g for 5 min) and incubated with primary antibody [goat anti-Alcam (1:400; R&D Systems), goat anti-Chl1 (1:400; R&D Systems), goat anti-Gfra1 (1:100; R&D Systems), or goat anti-Igsf8 (1:200; R&D Systems)] in HBSS Ca2+Mg2+ containing 10% FBS and 1 mM EDTA for 20 min at 4°C. After washing (resuspension in HBSS Ca2+Mg2+ with 0.05% DNase and 1 mM EDTA after centrifugation), cells were blocked for 5 min in 5% (vol/vol) donkey serum before incubation for 15 min at 4°C with secondary antibody (donkey anti-goat Dylight 649; 1:400; Jackson Labs) in 5% donkey serum and 1 mM EDTA in HBSS Ca2+Mg2+ followed by final washing and preparation for FACS through addition of propidium iodide and filtering through a 70-μm cell strainer. The detection threshold for antibody fluorophore-labeled cells was defined using the same procedure on tissue preparations where the target proteins are not widely expressed (lateral midbrain for Alcam, Chl1, and Igsf8 and ganglionic eminence for Gfra1). Unsorted cells were subject to the same procedures, passed through the FACS, and collected without sorting. Cells were prepared for transplantation by centrifugation (500 × g for 5 min) and resuspension in HBSS Ca2+Mg2+ with 1% FBS and 1 mM EDTA at ∼0.5-1 × 10 5 cells/μL based on numbers indicated by the flow cytometer. The final density of viable cells for each preparation used for transplantation was calculated manually from FACS-separated cell fractions.
Microarray and Bioinformatic Analyses. Whole RNA was extracted from all samples using the RNeasy Micro Kit (Qiagen), and the yield and integrity of each sample assessed using a Bioanalyser (Agilent) before microarray processing. To determine mRNA expression levels in each sample, RNA was labeled using the High-Yield RNA Transcript Labeling Kit (Qiagen) and hybridized to Mouse Genome 430 2.0 Arrays (Affymetrix). The data were normalized using the MAS5 algorithm (Affymetrix Microarray Suite, version 5.0), and statistical analysis was carried out with the limma package (43) using the R (version 2.14.2) statistical computing environment. To identify gene expression patterns enriched in the DA neural progenitor domain, expression levels in the GFP Pos fractions (n = 3) from Ngn2-GFP mice were compared with the GFP Neg fractions (n = 3) from Lmx1a-GFP mice (i.e., a domain that is definitively outside the mDA germinal zone) (Fig. 1B) . The criteria for differentially expressed genes between Ngn2-GFP Pos and Lmx1a-GFP Neg groups were a present call in two of three arrays for at least one of two groups, average pairwise comparisons fold change greater than two, seven of nine direct pairwise comparisons in the same direction, and a P value < 0.05. The resulting list of genes shown to be up-regulated in the Ngn2-GFP Pos fractions were classified by cellular component using the SwissProt database to identify and distinguish between those encoding for proteins containing transmembrane domains. This list was further refined by ontology browsing (44) and literature mining using conservative criteria to classify proteins with a strong likelihood of providing targets for FACS isolation of mDA progenitors. The classification criteria included genes encoding for transmembrane proteins expressed on the plasma membrane, containing an extracellular sequence available for antibody binding, and localized on the cell body [for example, elimination of candidates known to be expressed in domains unlikely to support cell-sorting applications (e.g., Gria3 and Chrna3, which are expressed at the synaptic cleft)]. All microarray data are available through the Gene Expression Omnibus database (accession no. GSE65094).
Surgical Procedures and Rotational Behavior. For transplantation experiments, rats were used in favor of mice because of the greater reliability in tests of motor function. Anesthesia for all surgical procedures was established and maintained by inhaled isoflurane (2% in air). Adult (250 g) female SpragueDawley rats received complete, unilateral lesions of the mDA projection system through stereotaxic delivery of 6-OHDA into the medial forebrain bundle as previously described (45) . Briefly, 2 μL 6-OHDA (3.5 μg/μL free base dissolved in a solution of 0.2 mg/mL L-ascorbic acid in 0.9% wt/vol NaCl) was injected into the medial forebrain bundle (4.4 mm anterior and 1.2 mm lateral to Bregma and 7.8 mm below the dural surface) using a 10-mL Hamilton syringe fitted with a glass capillary as previously described in detail (46) .
A first cohort of rats (n = 32) received intrastriatal (0.5 mm anterior and 3.0 mm lateral to Bregma and 4.0 mm below the dural surface) grafts of cells prepared from positive or negative E14.5 VM cell fractions following Alcam/ Chl1/Gfra1/Igsf8 FACS procedures in a total volume of 2 μL as previously described (47) and were perfused for histological analysis 4 wk later. The total number of cells implanted for each group is shown in Fig. S4A . A second group (n = 30) was tested for rotational behavior in response to administration of D-amphetamine sulfate (3.5 mg/kg i.p.) 3 wk after 6-OHDA based on procedures originally described in ref. 48 . One week later, preparations of E14.5 VM Alcam Pos , Alcam Neg , or unsorted FACS-processed control cells were grafted into the striatum, and all animals were again tested for rotational behavior at 6 wk and subsequently, perfused for histology.
Tissue Processing and Immunohistochemistry. Procedures were as previously described in detail (45) . Mouse embryos were immersion-fixed overnight in 4% (wt/vol) paraformaldehyde in 0.1 M PBS and cryoprotected in 20% (wt/vol) sucrose in 0.1 M phosphate buffer before freezing and sectioning at 20 μm in six series onto glass slides. Adult rats received a terminal dose (100 mg/kg i.p.) of sodium pentobarbitone (Virbac; Peakhurst), were transcardially perfused with saline (50 mL) followed by paraformaldehyde (250 mL) and postfixed for another 2 h followed by cryoprotection in 30% sucrose before sectioning at 30 μm in 12 series on a freezing microtome.
Immunohistochemistry was performed on slide-mounted sections from embryonic mice or free-floating sections from adult rats. The tissue was incubated overnight with primary antibodies diluted in 0.1 M PBS containing 5% normal serum and 0.25% Triton X-100 (Amresco) as follows: goat antiAlcam (1:800; R&D Systems), goat anti-Chl1 (1:800; R&D Systems), rabbit antiCorin (1:200; custom generated; Abbomax), goat anti-Gfra1 (1:400; R&D Systems), goat anti-Igsf8 (1:400; R&D Systems), goat anti-Scn3b (1:200; Santa Cruz), Kcnd3 (1:500; Alomone Labs), rabbit anti-GFP (1:20,000; Abcam), chicken anti-GFP (1:1,000; Abcam), rabbit anti-Nurr1 (1:200; Abcam), rabbit anti-TH (1:800; PelFreez), sheep anti-TH (1:600; PelFreez), chicken anti-TH (1:400; Abcam), mouse anti-Calbindin (1:1,000; Sigma), rabbit anti-Girk2 (1:400; Alomone Labs), and mouse anti-5HT (1:10,000; Immunostar). Detection of the primary-secondary antibody complexes was through peroxidase-driven precipitation of diaminobenzidine (DAB) or conjugation of a fluorophore. Secondary antibodies generated in donkey were applied for 2 h at room temperature at a dilution of 1:400 for fluorescent detection using 488-, 549-, or 649-conjugated anti-mouse, anti-chicken, anti-rabbit, anti-sheep, or anti-goat (Jackson ImmunoResearch). Chromogenic detection of antibody-DAB complex was carried out using biotin-conjugated donkey anti-rabbit (1:500; 2 h; Jackson ImmunoResearch) followed by peroxidase conjugated streptavidin (1 h; Vectastain ABC Kit; Vector Laboratories) and incubation with DAB (0.5 mg/mL for 5 min), which was precipitated by the addition of 1% wt/vol H 2 O 2 . Fluorescently labeled sections were coverslipped with fluorescent mounting media (Dako), and chromogenic-labeled sections were dehydrated in alcohol and xylene and cover-slipped with DePeX Mounting Media (BDH Chemicals).
Imaging. Fluorescent images were captured using a Zeiss Pascal Confocal Microscope System, and chromogenic images were captured on a Leica DM6000 Microscope equipped with a motor-driven stage.
Quantification and Statistics. The total number of grafted TH + neurons or 5HT + neurons in each animal was estimated by extrapolation of the number of cells counted in every sixth serial coronal section, and double-counting error was corrected according to the method used in ref. 49 . The total volume of TH + striatal fiber innervation was also estimated through quantification in every sixth serial section using LAS Image Analysis Software (Leica) and extrapolation according to the principle by Cavalieri (50) . The boundary of innervation was defined by homogenous patterns of dense TH + fiber staining and did not include territory where only isolated fibers were found. The level of TH + fiber density was compared between groups through measurement of OD in three consecutive 40× fields of view from the edge of the graft toward the lateral part of the striatum (near the corpus callosum). Measurements were also obtained from the contralateral intact striatum for comparison, and the OD was quantified using ImageJ. All quantitative data are represented as means ± SEMs unless otherwise stated. Comparison of values for statistical significance between groups was performed using one-way ANOVA with Tukey's (Fig. 5D ) multiple comparisons test or Student's t test for comparison of two data points (Figs. 4 Q and R and 5 A, F, and I). GraphPad Prism 6 software was used for statistical analysis.
